ent on a reclaimed area will depend to a large degree on a range of soil physical, chemical, and biological variSoil quality and the ability of soil to sustain nutrient cycling in drasables (National Research Council, 1994) and the severe tically disturbed ecosystems will influence the establishment and maintenance of a permanent and stable plant community. We undertook perturbations that occur in the strip mining process can research to evaluate a recently developed method to assess soil quality severely impact these variables. has been shown that there can be a decline in SOM (and by implication, N also) of anywhere between ‫23ف‬ to 85% due to stockpiling (Abdul-Kareem and McRae, 1984). The topsoil salvage process results in SOM lev-
W
ith the enacting of the Surface Mining Control els similar to long-term cropped, dryland systems (Haas and Reclamation Act in 1977, surface coal mining et al., 1957) . companies were mandated to maximize reclamation suc-
The loss of SOM during the mining and reclamation cess. This mandate, combined with new technology and processes is an issue that needs to be addressed because research, has greatly enhanced reclamation success in of its importance; as a nutrient pool, in determining surface coal mines (Schuman, 2002) . However, and alwater holding capacity, in macropore formation, and in most without exception, the requirements for, and evalmicronutrient adsorption: all of which are important facuation of, successful reclamation have been based solely tors in establishing a sustainable, reclaimed ecosystem. on characteristics of the re-established plant community.
Thus for many reasons it is important that tools be deWhile from many viewpoints this may be considered veloped to assist those involved in mined land reclama-'successful reclamation', the soil aspects of reclamation tion to quickly and accurately assess the quality of soil have been, essentially, ignored. There can be little argumaterial used in the reclamation process. In conjunction ment though that the quality of the soil resource has a with developing tools to monitor SOM, there is also a considerable impact on the development of the plant need to obtain estimates of the minimum levels of SOM community over both, the short-and long-term. The pronecessary to maintain healthy and adequate nutrient cyductivity and biodiversity of the plant community prescling in these inherently infertile, reclaimed ecosystems. A recent paper by Franzluebbers et al. (2000) reported Cmin 0-3d and these soil parameters may be of use as a had been reclaimed in the early 1970s using only spoil material relatively quick, reliable, and economical way in which and as a consequence, SOC was extremely low (0.10%) as the quality and nutrient cycling potential of salvaged mine was total N (0.018%) (Schuman et al., 1985) . Soils were samsoils could be assessed. A study was initiated on a series pled using the same field design and procedures as used at of reclaimed surface coal mines located in the semiarid, the coal mine sites.
Powder River Basin region of northeast Wyoming, USA,
In 2001, peak production of aboveground vegetation was to determine whether the correlations between Cmin 0-3d estimated on the reclaimed and undisturbed, native sites presand these soil parameters could quickly and accurately ent at Mines 1, 2, and 3 (Table 2) . At the 0-and 40-m locations assess soil quality in these disturbed ecosystems. The inalong each of the three transects used to soil sample, all vegetation (with the exception of shrubs) was clipped within a 0.18 tent of this objective was not to investigate the influence m 2 quadrat. Vegetation was placed in a paper bag and dried of reclamation management techniques on these relationat 55ЊC to estimate aboveground biomass.
ships, but rather whether there were relationships between Cmin 0-3d and other standard soil quality assessment parameters, regardless of the management practices emLaboratory Methods ployed. The second objective of this study was to estiAfter air-drying and sieving, all soils were analyzed for ormate the minimum amount of SOC (as a proxy for SOM) ganic C, total N, microbial respiration, microbial biomass, and required to supply, through mineralization, adequate N potential N mineralization. Total C and N were determined for the re-established plant community. on a C/N analyzer (NA 2100 Protein, Carlo-Erba Instruments, Italy), after roller-grinding the soils overnight to a fine powder (90% of material passed through a 0.25-mm screen). Inorganic
MATERIALS AND METHODS
C was measured on a separate subsample of the finely ground soil using a modified pressure-calcimeter method (Sherrod et al., 
Field Description and Sampling Methods

2002)
, and organic C was calculated by subtracting inorganic The surface coal mines sampled are located in the Powder C from total C. Analyses of N mineralization, microbial bioRiver Basin of northeastern Wyoming, USA, about 40 to 100 km mass and respiration were undertaken on soils that had been south of Gillette and approximately 1400 m above sea-level.
dried at 55ЊC for 48 h and then rewetted to a soil-water content Climate and location details are shown in Table 1 . All mines of Ϫ0.05 MPa, resulting in about 50% water-filled pore space. are currently operational, and the sites sampled were reclaimed
The reason for drying soils at 55ЊC was to bring all soils to a using standard reclamation techniques and similar seed mixes more constant soil water content. Using approximately 50 g of native species. Seed mixes used varied slightly from site to of soil, microbial respiration was measured using standard site, but included shrubs (Wyoming big sagebrush, Artemisia base trap methods (Zibilske, 1994) at 3 d (Cmin 0-3d ) and 21 d tridentata ssp. wyomingensis ; fourwing saltbush, Atriplex canes-(Cmin 0-21d ). On a similar amount of soil, MBC was estimated cens ; rubber rabbitbrush, Ericameria nauseosa ; winterfat, Krasusing the chloroform-fumigation incubation method (Horcheninnikovia lanata), C 3 grass species (western wheatgrass, wath and Paul, 1994) using a K c of 0.41 (K c is the fraction of Pascopyrum smithii ; slender wheatgrass, Elymus trachycau-MBC decomposed and released as CO 2 -C in 10 d; Anderson lus ; needleandthread, Hesperostipa comata), and the C 4 grass and Domsch, 1978) . Potential N mineralization (Nmin 0-21d ) species (blue grama, Bouteloua gracilis). The native prairies was determined on the same soil on which Cmin 0-21d was measampled are classified as northern mixed-grass communities sured, by calculating the difference in inorganic N (N i ; NO 3 ϩ and represent the single largest remaining native grassland in the USA (Coupland, 1992) . using the hydrometer method (Gee and Bauder, 1986) , pH was determined on a 1:5 soil/water suspension, and plant available Soil pH was slightly acidic to slightly alkaline, that is, P was evaluated using the bicarbonate-extractable P method 5.7 to 8.2 (with most soils in the range of 6.2 to 8.0; Ta- (Kuo, 1996) . ble 3), and SOC, total N, and bicarbonate extractable
The dried vegetation was ground and a subsample was then P of reclaimed soils, while variable, were generally comroller-ground and analyzed for C and N using a C/N analyzer parable with those of native soils (Table 3) . Site 1 lo-(NA 2100 Protein, Carlo-Erba Instruments, Italy). These data cated on Mine 4 had been reclaimed some 30 yr earlier allowed us to estimate annual N uptake by the plant commuusing White River spoil material which contained very nities growing on these reclaimed and native sites.
low inherent amounts of C, N, and P (Schuman et al., 1985) . In the intervening years, plant inputs and deposiData Analyses tion of aeolian material have increased the SOC and nutrient status of the top 2.5 cm while the lower depths
As we expected disparate responses from the two soils (re-(i.e., 2.5-15 cm) have exhibited little change (Table 3) .
claimed and native) and spoil material analyzed, because of
The increases that did occur, were probably due to intheir different physical, chemical, and biotic properties, sepaputs from sloughed roots (Bowen, 2003) .
rate regression analyses were undertaken for each material.
The correlations between Cmin 0-3d and all of the other reseeded; all of which lead to a relatively uniform (both vertically and horizontally) soil mixture. Second, litter (both above-and belowground) present on these reclaimed mine sites is relatively new (mostly Յ16 yr), and the majority of this material is likely to be readily observed on native rangeland sites (Six et al., 1998) . Third, Beare et al. (1994) observed that macroaggregates that were Ͼ2000 m had the lowest abundance (Visser et al., 1983) ; exhibiting little or no change (Persson and Funke, 1988; Williamson and Johnson, 1990) ; or simand greatest turnover rate in conventionally tilled soils. With the break up of macroaggregates, a labile pool of ply exhibiting a change in the proportions of bacterial groups (Visser et al., 1983; Fresquez et al., 1986 ; Mumnutrients will become more readily available for plant and microbial uptake (Beare et al., 1994; Six et al., 1998) . mey et al., 2002b). Visser et al. (1983) suggested that bacterial communities present in disturbed soil are less In these cases, C and N are much more likely to be available for microbial mineralization, as observed in the specialized than bacteria in undisturbed land in terms of their nutrient, moisture and temperature requirements current study where reclaimed soils generally had higher microbial mineralization than the native soils (Table 4; and are thus able to take advantage of a much greater range of soil conditions. In this respect the development Fig. 1, 3) . In contrast, much of the organic C present in the native soils as well as being located in more stable of a microbial community parallels that of vegetation community characteristics: an initial, early successional and protected aggregates (Cambardella and Elliott, 1993) , is older, and therefore is present in more humified, and microbial community, which over time becomes more diverse as it develops into a later successional populasubsequently more resistant, organic matter fractions (Schlesinger, 1997). It has also been suggested that over tion (Fresquez and Aldon, 1984) . Correlations between Cmin 0-3d and other measured time, small pores (Ͻ1 m diam.) become increasingly occluded with the extracellular microbial by-products soil parameters of reclaimed soils were generally comparable with those found by Franzluebbers et al. (2000) . that increasingly limit microbes and microbial enzymes to SOM protected in soil aggregate structures (Beare These correlations were of particular interest to us as one of the major objectives for initiating this project was et al., 1994) .
Differences between the native and reclaimed soils may to ascertain whether the method of correlating Cmin 0-3d with other soil parameters would be of use in semiarid also reflect differences in the microbial communities present. A severe perturbation of the soil (such as surface reclaimed ecosystems to quickly, reliably, and economically assess soil quality. As a result of the good correlamining) combined with topsoil storage, typically, leads to a decline of fungal communities (as defined by a numtions observed, we believe this to be an accurate method by which to determine soil quality in reclaimed sites ber of variables, e.g., spores, propagules, hyphae) (Allen and Allen, 1980; Miller et al., 1985; Stahl et al., 1988) .
where topsoil (A ϩ B horizons) is used in the reclamation process. For sites where spoil material or alternative The same severe perturbation can have variable effects on microbial communities. It may result in microbial comsubstrates for plant growth have been substituted for topsoil (which occurs in some reclamation situations where munities declining (Mummey et al., 2002a) ; increasing topsoil is limited or not available), we feel this method is nebulous (see Doran et al., 1994) , and the authors would of less value due to the inherently low amounts of SOM like to point out that we did not intend for this research and microbial activity present in these materials. Franzto define soil quality-either, in a general sense or speciluebbers et al. (2000) have suggested that correlating soil fically in regards to semiarid, reclaimed, coal mine soils. parameters with Cmin 0-1d may be as good as the Cmin 0-3d
The intent of this paper was not to classify whether these correlation method but we feel the Cmin 0-3d method is reclaimed soils have reached some specific and arbitrarily a more appropriate methodology to determine soil qualdefined level of soil quality, but whether these soils are ity in semiarid, reclaimed soils due to relatively low levable to supply and cycle nutrients, specifically N, over els of SOM and biological activity present in these soils.
the long-term, to maintain an established, stable, plant Drying and sieving of the soil undoubtedly has had an community. One of the reasons for sampling undisimpact on microbial activity (i.e., microbial respiration, turbed, native soils was to compare these self-sustaining biomass, and N mineralization) (Seneviratne and Wild, ecosystems with reclaimed soils. If the trends of the 1985; Sparling and Ross, 1988; West et al., 1989; Franz- measured values/correlations of the reclaimed soils are luebbers, 1999). Previous work, however, has found litsimilar to native soils, this would imply that reclaimed tle difference between estimates of soil microbial biosoils are moving (or have arrived) toward the state, mass regardless of whether biomass measurements were level, or condition of the native soils. That is, these taken on field moist soils or soils that were air-dried and reclaimed ecosystems are well on their way to becoming pre-incubated for 10 d before biomass measurements self-sustaining ecosystems. were undertaken (Franzluebbers et al., 1996; Franzlueb- The second objective of this research was to estimate bers, 1999). We should point out that the aim of our study the concentration of SOC (as a proxy for SOM) neceswas not to obtain absolute values of the biological paramsary to sustain an adequate level of nutrient cycling in eters of interest but rather to obtain comparative values these low N environments. This was a several step proof soil biogeochemical properties. Our overriding intercess. First, we extrapolated the lab N-mineralization est was in soil biotic activity (rather than physical or data to a field scenario by using lab N-min 0-21d daily rate chemical properties) since microbes are responsible for and calculating the amount of N mineralized over a 61-d many of the important processes (i.e., decomposition, minperiod (assuming that under field conditions, the groweralization) by which nutrients are made available for ing period extends from the 1 May-30 June; Smoliak, plant uptake and thus, after precipitation, will have the 1956; Rauzi, 1964) . Results of this exercise indicate that greatest influence on plant growth.
potentially, there is more than sufficient N mineralization to satisfy the requirements of plant communities on The issue of what constitutes soil quality is somewhat and Parton, 1982; Jaramillo and Detling, 1992; Li and Redmann, 1992; Li et al., 1992) ; 4. A soil bulk density these reclaimed coal mine sites. We then calculated the of 1.33 g cm Ϫ3 in reclaimed soils (P.D. Stahl, unpublished rate of N mineralization required to provide exactly the data, 2004). amount of N needed for the growth of the plant commuThe 0.52% SOC estimated for the reclaimed soils was nities (Table 2 ) over the 61-d growing period. By rewithin the range of the 0.1 to 0.7% SOC estimated by gressing N mineralization against SOC, we could then Woods and Schuman (1986) to maintain nutrient cycling determine the minimum SOC required to provide the on a reclaimed uranium mine site. Their estimates were quantity of inorganic N required for plant growth. We esbased on a study that examined relationships between timated that in the order of 0.52% SOC (0.89% SOM) SOC and microbial biomass, potential N mineralization, would be required for reclaimed topsoil and 0.68% SOC and plant N in native soils, topsoil replaced over spoil (1.17% SOM) would be required for native, undisturbed material, as well as pure spoil material. Our estimate, soils, to maintain nutrient cycling over this growing period.
however, needs to be considered in light of the mounting In calculating these estimates, we have made several evidence that plant species are able to take up either diassumptions: 1. The rate of N mineralization observed rectly (see reviews by Lipson and Nä sholm, 2001; Schiin the lab would be comparable with that found in the mel and Bennett, 2004), or via mycorrhizae (Marschner, field, and would occur over the entire course of the de-1999), organic forms of N allowing them to grow without fined growing period; 2. Plants would, over time, take relying solely on inorganic N. Thus our estimate of 0.52% up 90% of inorganic N made available by microbes.
SOC may be higher than what is required to supply sufNumerous studies have shown that while in the shortficient quantities of N for plant growth in these reterm (hours to days) microbes are better able to comclaimed ecosystems. pete for N than plant roots ‫%68ف(‬ of available inorganic It is of interest to note the differences in the estimated N; Jackson et al., 1989; Schimel et al., 1989) , that in minimum concentration of SOC required to maintain the longer term (and in these semiarid ecosystems the nutrient cycling in the two 'different' soil types (reclaimed, growing season typically lasts for 2 mo due to soil mois-0.52% vs. native, 0.68%). We speculate that in reclaimed ture and precipitation patterns; Smoliak, 1956; sites, plant inputs are relatively new and therefore un-1964) somewhere in the order of 85 to 95% of availlikely to have become humified and consequently are able N is taken up by plants ( Kaye and Hart, 1997;  relatively more labile and available for microbial deHodge et al., 2000) ; 3. That ‫%06ف‬ of the N requirements composition. Conversely, undisturbed native soils, havof these mixed-grass plant communities is provided by ing had long-term litter inputs, will contain decomposed the retranslocation of N held in plant roots, crowns and rhizomes (Clark, 1977; Woodmansee et al., 1978 ; Risser plant residues, leading to an increase in chemically recal-citrant aromatic and alkyl carbon compounds (see rereclamation a relatively rapid and inexpensive tool to maximize the limited soil resource and ensure SOC view article by Krull et al., 2003) .
We were unable to differentiate between the mineralquality control in the topsoil salvage and replacement processes. We are presently unable to quantitatively preizable fraction of SOC (i.e., SOM) and C present in coal (which is only partially mineralizable over the short term), dict the other soil health/nutrient cycling indicators based on Cmin 0-3d alone. We do feel, however, that as a problem typical of these types of studies (Reeder, 1988; Waschkies and Hü ttl, 1999, Krull et al., 2003) .
a "rule of thumb," semiarid, reclaimed, coal mine soils that respire Ͼ72 mg CO 2 -C kg soil Ϫ1 over 3 d after being Nonetheless, although our measured values for SOC are clearly high in some cases (5-9%; Fig. 4 , or SOM rewetted, and under ideal conditions, are likely to have sufficient microbial activity to maintain an adequate of ‫)%61-9ف‬ for a semiarid ecosystem such as these, it may not be a major concern because where SOC was level of nutrient cycling. high, microbial activity was also elevated (Fig. 4 ; Table 3, 4). In any assessment of minimum levels of SOC,
CONCLUSIONS
it is important to ensure (as much as possible) that coal dust is not a major component of the SOC. In Using a recently developed protocol that correlates an associated laboratory experiment undertaken at the short-term Cmin 0-3d with a range of soil parameters as same time as the experiments reported here, we added a method to determine soil quality, we tested a number increasing amounts of fine particulate coal (0.0, 0.25, of soils with different histories (reclaimed coal mine 0.5, 1.0, 2.5, 5.0, 10.0, and 100% w/w coal material that soils; native, undisturbed, prairie soils; and mine spoil had been sieved to Ͻ0.25 mm) to a local soil containing material) in a semiarid region. We found correlations no coal material. We found that Cmin 0-21d and Nmin 0-21d between Cmin 0-3d and the soil parameters measured was greatest in the 0, 0.25, and 0.5% coal amended (Cmin 0-21d , MBC, Nmin 0-21d , SOC, and total N) were samples, with much lower rates of C-and N-mineralizahighly significant for the three soil types. Reclaimed tion in the other samples (data not shown). The results soils exhibited less variance than for native soils, with for microbial biomass were somewhat opposite with spoil material showing the greatest amount of variance. little difference between the 0 to 2.5% coal samples but
We speculate that reduced variability in reclaimed soils much higher microbial biomass in the 5, 10, and 100% represents a combination of a more homogenous soil coal amended soil (data not shown). We believe this to system, the addition of new, relatively non-humified be a direct result of the solubilization of C compounds plant residues, differences in aggregate structure, and present in coal by the chloroform, and the subsequent differences in microbial communities. On the basis of release of CO 2 and not an actual measure of microbial the strong correlation we observed between Cmin 0-3d biomass per se. and a range of soil parameters that are considered to A number of previous studies have, on the basis of be good indicators of soil quality, we believe that the various ratios (i.e., MB/Org. C; qCO 2 ; 21-d MR/MB; C use of the Cmin 0-3d correlation method is a useful methmineralization/N mineralization), estimated the 'progodology/tool to assess the recovery of reclaimed, coal ress' of soil microbial communities toward some defined mine soils. Moreover, as the methodology is simple and state of equilibrium (typically a native, undisturbed ecodoes not require the use of any highly specialized equipsystem) (Anderson and Domsch, 1989; Insam and Haselment, it would also be an economical means by which wandter, 1989; Stephens et al., 2001 ). While we observed to rapidly (3 d) determine soil quality. While it is not a significant correlation (P ϭ 0.0003) between reclamapossible using this methodology to quantitatively detertion age and qCO 2 , the low correlation coefficient (r 2 ϭ mine soil quality, it would provide those involved in mine 0.052) indicates that only 5.2% of the variance was exreclamation a means to, at least qualitatively, determine plained. We feel that the use of ratios has limitations as both the quality and nutrient cycling potential of rean indicator of soil recovery for two reasons; 1. it is well claimed soils. Determining the quality and potential nuacknowledged that no single method can quantitatively trient cycling of these soils will assist reclamation spemeasure the entire mass of soil microbes (Vance et al., cialists in managing the soil material available to them 1987; Horwath and Paul, 1994) , and any given method and that will provide a self-sustaining plant community. will give varying results depending on properties such
In addition, we also estimated that in reclaimed soils, a as soil texture or microbial communities present (e.g., minimum of 0.89% SOM is necessary to supply a suffifungi are more susceptible to chloroform vapors than baccient amount of N i to maintain a stable plant community. teria; Anderson and Domsch, 1978) and, 2. due to varying degrees of coal dust contamination between sites and ACKNOWLEDGMENTS mines there is potential for ratios to be underestimated.
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